Cryptochrome (Cry) 1 and 2 are essential for circadian rhythm generation, not only in the 18 suprachiasmatic nucleus, the site of the mammalian master circadian clock, but also in 19 peripheral organs throughout the body. CRY is also known as a repressor of 20 arylalkylamine-N-acetyltransferase (Aanat) transcription, therefore, Cry-deficiency is 21 expected to induce constantly high pineal melatonin content. Nevertheless, we previously 22 found that the content was consistently low in melatonin-proficient Cry1 and Cry2 23 double-deficient mice (Cry1 −/− /Cry2 −/− ) on C3H background. This study aims to clarify the 24 mechanism underlying this discrepancy.
The AANAT enzyme activity was assayed according to the method reported by Deguchi 149 9 & Axelrod (1972) with slight modification. Pineal glands of the wild-type (n = 30) and 150 Cry1 −/− /Cry2 −/− (n = 31) were quickly removed at one of six times of the day in DD (ZT2, 6, 151 10, 14, 18, and 22; n = 5-6 per group). Each pineal gland was homogenized in chilled 0.05M 152 phosphate buffer (50 μL, pH. 6.5) and stored at −30°C until the assay. On the day of assay, 153 10μL each of 0.01M Tryptamine-HCL and 3.4 nM [1-14 C] acetyl coenzyme A (PerkinElmer, 154 Walthan MA, USA) was added to 50μL of homogenate in a small glass tube. After incubating 155 at 37°C for 10 min, the reaction was stopped by the addition of 0.5 mL of 0.5 M borate buffer 156 (pH 10.0). The homogenate was transferred into a glass tube containing 6 mL of 157 toluene-isoamyl alcohol (97:3) and stirred using a vortex mixer. After centrifugation at 3,500 158 rpm for 10 min, 5 mL of the organic phase was transferred into a scintillation vial containing 159 5 mL of scintillation cocktail (Aquazol2, PerkinElmer), and radioactivity was measured. Thermo Scientific) and homogenized by sonication followed by freezing and thawing four 167 times in liquid nitrogen. The homogenized samples were frozen in liquid nitrogen and stored preliminary experiment and previous reports (Santana et al. 1988 , Fukuhara et al. 2005 Wongchitrat et al. 2011). The pineal homogenates were centrifuged at 15,000 rpm for 15 min 207 at 4°C and the supernatants were stored at −80 °C until measurement. The melatonin content 208 of each sample was determined by the RIA. Pineal glands of the wild-type (n = 18; male n = 9, female n = 9) and Cry1 −/− /Cry2 −/− (n = 212 19; male n = 9, female n = 10) mice were collected from mice housed in LD at project ZT3.
213
After preincubating for 1 h with DMEM, they were transferred to fresh medium containing 214 either 2μM of ISO or 10μM of norepinephrine (NE) and ascorbic acid (0.01mg/ml). After the 215 treatment for 2 h, the pineal glands were rinsed three times with 0.05M of phosphate buffer 216 (PB, pH6.5) and homogenized in 50 μL of PB by four cycles of freezing in liquid nitrogen 217 and thawing. The pineal homogenates were stored at −80 °C until measurement. The AANAT 218 activity was determined by the RIA. Pineal glands of the wild-type (n = 21; male n = 9, female n = 12) and Cry1 −/− /Cry2 −/− (n 222 = 21; male n = 10, female n = 11) mice were sampled from mice kept in LD at project ZT3 Fig. 2A) and Aanat (Fig. 2B) mRNA levels in the pineal gland showed a significant 264 rhythmicity (Per1, P < 0.05; Aanat, P <0.05; main effect time, one-way ANOVA test, n = 5) 265 and were significantly elevated in the subjective night as compared with those in the 266 mid-subjective day (P <0.05, post-hoc Tukey-Kramer test). The peak of Per1 expression was 267 detected at ZT14, while that of Aanat was between ZT18 and ZT22. In Cry1 −/− /Cry2 −/− mice, 268 the mRNA levels of both genes were constant throughout the day, exhibiting no significant 269 rhythmicity (P = 0.23; P = 0.81; main effect time one-way ANOVA, n = 5). Compared with 270 wild type, the Per1 mRNA levels in Cry1 −/− /Cry2 −/− mice were significantly higher 271 throughout the day except at ZT14, when the level was lower than that of wild type (P <0.01).
272
Despite the findings of low pineal melatonin levels, the Aanat mRNA level in Cry1 −/− /Cry2 −/− 273 mice was consistently high at the circadian peak level of wild-type mice with statistical 274 significance during the mid-subjective day (ZT6 and 10) and early subjective night (ZT14) (P 275 <0.01).
277
Circadian rhythm in pineal AANAT enzyme activity and protein concentration 278 To identify at which stage of melatonin synthesis the dissociation takes place between the 279 consistently high Aanat mRNA and low melatonin levels, we examined the circadian rhythms 280 in the levels of AANAT protein and enzyme activity. In wild-type mice, the AANAT protein 281 concentration in the pineal exhibited a circadian rhythm with a peak level at ZT22 (P <0.001, 282 16 one-way ANOVA test). Whereas in Cry1 −/− /Cry2 −/− mice, AANAT protein did not exhibit a 283 significant rhythm across the four circadian phases examined (Fig. 3) , instead remaining at 284 intermediate levels of the circadian amplitude in WT throughout the day. To apply the same 285 amount of total protein for electrophoresis, we pooled the extracts from 8 and 12 pineal 286 glands from the wild-type and Cry1 −/− /Cry2 −/− mice, respectively. The results indicate that the 287 total protein content is lower in Cry1 −/− /Cry2 −/− pineal glands. Similarly, the AANAT enzyme 288 activity in wild-type mice showed a significant rhythmicity (P <0.001; main effect time, 289 one-way ANOVA) ( Fig. 4) , with the peak reached at the late subjective night (ZT22), 290 increased from the low daytime level (P < 0.05, ZT2, ZT6, ZT10 vs. ZT22; post-hoc Tukey-291 Kramer test). In contrast, the AANAT enzyme activity in Cry1 −/− /Cry2 −/− mice did not show 292 significant rhythmicity across the circadian phases (P = 0.07). Circadian patterns differed 293 significantly between the two genotypes (P < 0.001, two-way ANOVA), with a significant 294 difference at ZT 22 (P = 0.002, post-hoc unpaired t-test).
296

Effects of β-adrenergic stimulation on melatonin synthesis in the pineal lacking CRYs
297
We then sought to determine the mechanism underlying the discrepancy between Aanat 298 mRNA and protein/enzyme activity levels in Cry1 −/− /Cry2 −/− pineal glands. The increase in 299 intracellular cAMP in response to β-adrenergic stimulation via neural inputs from the SCN is compared to the respective vehicle control. However, the response to ISO was markedly 314 lower in the Cry1 −/− /Cry2 −/− than in the wild type, both at ZT3 and ZT15 (ZT3, P < 0.001; 315 ZT15, P = 0.004) (Fig. 5A) . Three-way ANOVA revealed a significant interaction between 316 the genotype (wild-type and Cry1 −/− /Cry2 −/− ) and the stimulation (vehicle and ISO) (P = 317 0.003), but no significant interaction the genotype and the stimulation time). To explore the mechanism of the different response to ISO in the wild-type and 321 Cry1 −/− /Cry2 −/− mice, the pineal glands were sampled at ZT3 and the AANAT activity were 322 measured after the stimulation with 2μM of ISO or 10μM of NE for 2 h. We examined only at 323 ZT3 because no stimulation time effect was detected by ISO in either genotype. The AANAT 324 activity after stimulation with ISO tended to increase the AANAT activity on average as 325 compared with the vehicle control in wild-type and Cry1 −/− /Cry2 −/− mice, though it did not 326 reach statistical significance (Fig. 5B ). After the stimulation with NE, the significant 327 increases of the AANAT activity were observed in both two genotypes at similar extent (Fig.   328 5C). Two-way ANOVA test revealed significant effect of genotype (wild-type and 329 Cry1 −/− /Cry2 −/− ) (P=0.011) and the stimulation (Vehicle vs. NE) (P=0.002), but no significant 330 interaction between the genotype and stimulation. Cry1 −/− /Cry2 −/− , respectively) (Fig. 6) . The Cry1 −/− /Cry2 −/− pineal exhibited FSK-induced 341 increase in cAMP by FSK to a similar extent as wild type. Thus, no genotype difference was 342 detected in the response to FSK. Two-way ANOVA revealed a significant effect of 343 stimulation (vehicle and FSK) on the cAMP level in the pineal gland (P < 0.001), but there 344 was no significant interaction between genotype (wild-type and Cry1 −/− /Cry2 −/− ) and 345 stimulation. While no significant dose response was observed in the two doses examined, 346 cAMP tended to increase with a higher dose in both genotypes. increased melatonin production in response to ISO. However, we observed here that 376 ISO-induced melatonin production occurred both during subjective day (ZT3) and night 377 21 (ZT15), suggesting that the pineal glands of Cry1 −/− /Cry2 −/− mice can synthesize melatonin.
378
Since the wild-type pineal glands also responded to ISO at both time points, this response to 379 noradrenergic stimulation appears to be ungated. The ungated response has also been reported 380 in the Aanat and Per1 mRNA levels of cultured pineal gland after the treatment with ISO 381 (Wongchitrat et al. 2011 , Fukuhara et al. 2005 . Taken together, these findings indicate that 382 the loss of circadian rhythm of pineal melatonin expression in Cry1 −/− /Cry2 −/− mice is caused 383 by a loss of rhythmic output signals from the SCN to the pineal gland.
384
In rodents, pineal AANAT enzyme activity dramatically increases at night (Deguchi & 385 Axelrod 1972) in response to noradrenalin released under the control of the circadian clock in 386 the SCN (Perreau-Lenz et al. 2003) . Upon binding of noradrenalin to the pineal β-adrenergic 387 receptor intracellular cAMP content increases (Sugden et al. 1985 , Ho et al. 1988 , 1989 , 
392
Stimulation of α1-and β-adrenergic receptors results in a marked increase in both cAMP and 393 cGMP accumulation in pinealocytes (Sugden & Klein 1987 , Vanecek et al. 1986 ). The effects 394 of cGMP analogs on pineal physiology are usually weaker than the actions of cAMP analogs, 395 however, it remains to be studied whether or not the cGMP accumulation is involved in the Figure 6 
